power NdYAG laser operating at 1.3 pm. This transition suffers from a low gain and a large quantum defect, so that, compared with the 1.064 p m transition, much more of the pump power is converted to heat. The basic idea of our resonator design approach can be explained as follows: For a Gaussian-like pump beam the thermal lens can be thought of as one whose focal length varies transversely, decreasing in power toward the edge of the pump beam. Hence to achieve good beam quality, the resonator must be designed such that the lasing fundamental mode size is significantly smaller than the pump beam, so that it experiences only a small transverse variation in the thermal lens focal length. However, this results in undepleted inversion in the wings of the pumped region that may be accessed by higher-order transverse modes leading to multimode operation. To avoid this the resonator must satisfy a second criterion, which is that the laser mode size in the laser medium should decrease with decreasing power of the thermal lens. This has the result that the higher-order transverse modes, which tend to experience weaker thermal lensing (because of their larger size) compared with the TEM,, mode, have less access to undepleted gain by virtue of their closer spatial overlap with the fundamental mode. In this way it is possible to operate the laser on the TEM,, mode and prevent multitransverse-mode operation without the need of apertures.
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We have tested the general principle of this design approach on Nd:YAG lasers operating on a number of different transitions and in particular we report here the results for the 1.3 pm. In our experiment the pump was focused to a beam radius of -200 p m in the NdYAG rod, resulting in a thermal lens of focal length -60 mm. The resonator design employed was a simple three mirror folded cavity with an output coupler of transmission 3% at 1.3 pm. The resonator mirrors and their separations were carefully selected to satisfy the above stated conditions for optimum beam quality. At the maximum available incident pump power of 14.4 W we obtained an output power of 3.2 W in a near-diffraction-limited beam with a measured M2 beam quality factor of 51.1. For comparison, when the standard design approach was followed of simply trying to match the laser mode size to the pump spot size, a greatly inferior beam quality invariably resulted. We have seen similar benefits of this design approach on other Nd:YAG laser transitions at 946 nm and 1123 nm as well as 1064 nm, indicating that the resonator design approach described here is of wide applicability. Nd:WO, offers several advantages over traditional host materials for diode-pumped systems, including a large stimulated emission cross section at 1064 nm, linearly polarized emission, and a high absorption coefficient at the 808 nm pump wavelength, the latter being particularly advantageous for the thin disk laser. The N d W O , disk with about 1.1-at.% doping was 0.2-mm-thick by 4-mm in diameter. The front side of the crystal is AR coated for the pump as well as for the emission wavelength (808 nm/1064 nm) whereas the back side is HR coated for both wavelengths. Using an indium foil the crystal is mounted onto a copper heat sink. The temperature of the heat sink is controlled by means of a thermoelectric element. The crystal is pumped by a fibercoupled diode laser with 10 W at the fiber end (JENOPTIK JO LD 10 FH). The pump light is imaged into the center of the crystal by means of four spherical mirrors and one flat mirror achieving four double-passes of the pump light. The resonator is a simple linear setup with a concave r = 1 m output coupling mirror and the N d W O , disk being the active flat mirror. Figure 1 shows the output power as a function ofthe pump power at the fiber end for a cavitylength of 60 mm and 5% output mirror transmission for a mount temperature of 19 "C. The continuous wave output power of 2.9 W corresponds to a total optical-to-optical efficiency of 29%. Fig. I ), while the other, at 1123.2 nm, falls in a region ofverylow water absorption. Nd:YAG provides the possibility for laser emission at both of the required wavelengths, and has been recognized as a suitable laser source for such a system.' However, the emission cross section of NdYAG at 1123 nm is very small, around one fifteenth that of the 1064 nm line, hence resulting in very low gain. Thus to achieve efficient laser operation at 1123 nm, a very bright pump source is required so that intense pumping can be achieved. In this paper, we describe a diodepumpedNd:YAG laser producing an output of 1.6 W at 1123 nm, in a linearly polarized, diffraction-limited Gaussian beam, around a five-fold increase on previous reports for this transition.' The diode used was a 7 W diode bar operating at 807 nm, manufactured by the OptoPower Corporation. The diode emission, which came from a 4.6-mm-wide region, was reshaped with use of the previously reported two mirror "beam-shaping" technique.' The resulting beam had 5.6 W of power, was approximately circular, and had M' values of -20 and -40. This was used to end-pump a 10-mm-long Nd:YAG rod, housed in a watercooled heat sink. To obtain intense pumping, the pump light was focused to a spot size of radius 130 pm. The small spot size results in a strong thermal lens in the laser rod, measured to have a focal length of -55 mm, but also being significantly aberrated. Careful design of the laser resonator was needed to achieve the combination of high efficiency and good beam quality. The resonator used is shown in Fig. 2 . A convex mirror (pump input mirror) adjacent to the rod gave partial compensation for the thermal lens. The output coupler, 2% transmission for 1123 nm, had >90% transmission at 1064 nm, to suppress lasing at this wavelength. These conditions gave a lasing threshold of 0.8 W, and slope efficiency of 33% (both with respect to absorbed pump power), and at the maximum output power, 1.6 W, a measured M2 of -1.1 was obtained.
These results suggest that efficient operation of a single frequency Q-switched ring laser on this transition should be possible, as required for an actual LIDAR system. Until now, UV generation below 300 nm has been reported for diode-pumped lasers yielding pulses with energies in the pJ to 100 pJ
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range.' While most ofthe earlier work has used nonlinear crystals as BBO and KDP, here we report on the efficient generation of pulses at the mJ level in CLBO resulting in an average power of 2.5 W at 266 nm and 0.63 W at 213 nm. To our knowledge at 1 kHz this is the highest average power and pulse energy at 266 nm and 213 nm obtained from a diodepumped laser system of the 10 W class.
In the experiments we have used a diodebar-pumped Nd:YAG laser that is now commercially available as the Lambda StarLine. One application that particularly takes advantage of the TEM,, mode quality and the high peak power is nonlinear frequency conversion including parametric conversion schemes. Earlier we have demonstrated conversion efficiencies from fundamental into the second harmonic of 68% and into the third harmonic of up to 55%.* Now we have investigated both fourth and fifth harmonic generation (4HG and 5HG) in the new material CLBO.
The diode-pumped NdYAG laser was delivering an average power of up to 9 W at 1064 nm corresponding to 9 mJ single pulse energy at 1 kHz repetition rate. The beam diameter at the outcoupling mirror was 1.2 mm with diffraction-limited divergence. The second harmonic output at 1 kHz was 5.1 W maximum. The repetition rate of the laser could be continuously varied between 1 Hz and 1 kHz without changes both in spatial TEM,, mode quality and pulse duration (12 ns). This makes possible investigations of the conversion efficiency into 4HG and 5HG in dependence on average power at constant pulse energy. Therefore conclusions about thermal load in the individual crystals can be drawn.
Fourth harmonic generation by frequency doubling of the 532 nm radiation has been carried out in CLBO. The output power at 266 nm versus input 532 nm power is shown in Fig.  1 . Over a wide range there is a nearly linear dependence of the 4HG output on 2HG input. The maximum average output power obtained from the CLBO crystal is 2.5 W corresponding to 2.5 mJ single pulse energy. The maximum achievable output power at 266 nm was limited by the degradation of beam quality caused by thermal lensing observed at intensities above 40 MW/cm2. Figure 2 gives the conversion efficiency from 2HG to 4HG versus pulse repetition rate ofthe laser. The maximum conversion efficiency of 49% is optimized for operation at 1 kHz. The slight decrease of the conversion efficiency to lower repetition rates is caused by reduced thermal lensing in the CLBO 4HG crystal, which changes the focusing conditions from the optimum. The total conversion efficiency fundamental to 4HG is with 28% the highest to our knowledge ever reported for cavity externally frequency quadrupled diode-pumped lasers.
In CLBO the fifth harmonic at 213 nm can be generated by sum frequency mixing of either the fourth harmonic with the fundamental or the second harmonic and the third harmonic. We found that mixing fourth harmonic with fundamental is significantly more efficient because the ratio of powers is better suited. In addition, beam quality of the residual 1064 nm radiation after 4HG is better than that ofthe residual 532 nm radiation after 3HG. Figure 3 shows the 5HG output power versus fundamental power from the laser oscillator. A single pulse energy of 0.65 mJ could be generated at 800 Hz while the maximum average power of 0.63 W is obtained at 1 kHz pulse repetition frequency. The maximum conversion efficiency fundamental to fifth harmonic is above 7%. Similar as in BBO' and even more pronounced than at 4HG, conversion is limited by the onset of strong thermal effects resulting in strong deterioration of the beam quality. The influence of thermal effects is clearly seen from the dependence of 5HG energy on pulse repetition rate as depicted in Fig.  4 . The thermal lensing is mainly observed in the 5HG CLBO crystal and partially in the 4HG crystal.
In conclusion, at 1 kHz pulse repetition frequency we have generated 2.5 W at 266 nm and 0.63 W at 213 nm from a diode-pumped Nd:YAG laser. The conversion efficiency is
